Abstract The purpose of this review is to explore the dynamic properties of alpha oscillations as biological covariates of intra-and inter-individual variance in saccadic behavior. A preponderance of research suggests that oscillatory dynamics in the alpha band co-vary with performance on a number of visuo-spatial cognitive tasks. Here we discuss a growing body of research relating these measures to saccadic behavior, focusing also on how task related and spontaneous measures of alpha oscillations may serve as potential biomarkers for ocular motor dysfunction in clinical populations.
Introduction
The generation and control of saccadic behavior is a critical skill serving diverse cognitive purposes (Hutton 2008) . First, selection and foveation of behaviorally relevant visual stimuli has survival value. Second, resisting attraction to salient visual events that compete with current behavioral requirements enables goal driven behavior in complex visual environments (Munoz and Everling 2004) .
This latter ability requires coordination of both local and distant cortical circuitries.
In experimental settings, humans and other primates display remarkable variability in saccadic behavior even following extensive practice (Dyckman and McDowell 2005) . Distributions of saccadic latencies have large variances and are, in certain conditions, multimodal (Hamm et al. 2010) . In addition, during antisaccade tasks, which probe the ability to suppress saccades to salient peripheral stimuli in favor of foveating a competing spatial location, errors persist across multiple trial repetitions (Hamm et al. 2012) . Some aspect of saccadic behavior may therefore be subject to stochastic brain processes not under direct control of the actor.
A recently hypothesized source of variability in saccadic response latency and control is cortical oscillations in the alpha band (8-14 Hz) recorded by electroencephalography (EEG; Hamm et al. 2010 Hamm et al. , 2012 . Cortical and thalamocortical alpha oscillations (with a period of 75-125 ms) theoretically reflect cyclic fluctuation between low (inhibited) and high excitability neuronal states (Mathewson et al. 2011; Romei et al. 2008a ). Alpha oscillation characteristics (e.g., power and laterality) can be determined by task demands on the actor (Klimesch et al. 2007 ) but other features may be stochastic rather than under direct cognitive control (e.g., instantaneous phase; Mathewson et al. 2009 ). The extent to which this latter possibility accounts for saccadic performance variability requires further investigation.
One way to address this issue is to study the neural correlates of saccadic behavior among individuals with schizophrenia (SZ). SZ depart from the healthy persons on the proportion of fast reaction time (and express) saccades (Clementz 1996; Reilly et al. 2008 ) and antisaccade error rate Reilly et al. 2008) .
The extent to which these performance deviations in SZ can be attributed to oscillatory brain dynamics is unknown. Interestingly, though, resting state and stimulus evoked dynamics of EEG alpha oscillations are abnormal in SZ, and such abnormalities are heritable , show associations with candidate risk genotypes (Venables et al. 2009 ), and may reflect more fundamental thalomocortical disruptions associated with the disease (Hughes and Crunelli 2005; Llinas et al. 1999) . In this paper, relevant saccadic neural network anatomy and the neural mechanisms and behavioral correlates of alpha oscillations will be described. A hypothesis that both controlled and stochastic properties of saccadic network alpha activity are a significant source of (1) behavioral variability in the general human population, and (2) deviance in saccadic performance parameters among SZ will be presented.
Saccadic control and visuo-spatial attention networks associated with alpha activity Saccades are ultimately controlled by pontine and midbrain nuclei innervated directly from the retina and indirectly from basal ganglia, thalamic nuclei, and cerebellar structures (Leigh and Zee 2006) . During saccadic planning and execution, these subcortical nodes are modulated by input from cortical structures including frontal, parietal, and supplementary eye fields (FEF, PEF, and SEF), anterior cingulate cortices (ACC), and dorsolateral prefrontal cortex (DLPFC; McDowell et al. 2008) . These cortical hubs modulate and receive input from other sensory (primary visual cortex; middle occipital gyrus, MOG) and sensorimotor structures (posterior parietal cortex, PPC; precuneus) in accord with internally driven saccadic goals (Clementz et al. 2007 ).
The cortical saccade network is also involved in the more general task of allocating visuospatial attention (Corbetta et al. 1998 ). In accord with spatial and temporal expectancy, FEF and PEF modulate activity in sensory cortices, including primary visual and ventral and dorsal extrastriate cortices (for a review, see Mazer 2011), perhaps constituting a top down control function. Allocation of visuospatial attention and saccade generation can be differentiated neurophysiologically and behaviorally (Mazer 2011) , but the two operations nonetheless overlap at the mesoscopic network level (Corbetta et al. 1998 ) including a right hemisphere tendency (Thiebaut de Schotten et al. 2011; Hamm et al. 2010) .
Recent research on the neurophysiology of brain networks highlights the significance of ongoing oscillations and oscillatory dynamics in the understanding of behavioral control. Coherent oscillations may comprise an efficient mechanism for spatially separated neural populations to achieve precise temporal synchronization, maximizing their impact on downstream and subcortical targets (Llinás et al. 2005) . Larger cortical networks may synchronize via lower frequency oscillations while more focal networks entrain to faster rhythms (Kopell et al. 2000) . Oscillatory coherence in low frequencies (4-12 Hz) occurs mostly between distal regions, possibly as indices of and/or mechanisms for top-down modulation (von Stein and Sarnthein 2000) . Likewise, mid-(von Stein and Sarnthein 2000) and high-gamma oscillations ([60 Hz) appear to reflect highly local cortical activity (Llinás et al. 2005) . The physiological reason for this relationship between physical scale and oscillatory frequency may be a function of axonal conduction delays. Specifically, the larger the range of distances involved in the network, the greater the temporal variability in signal transmission, the wider the wavelength and lower the frequency (Kopell et al. 2000) .
Substantial research effort has been devoted to understanding spontaneous, induced, and task-elicited properties of alpha oscillations. Alpha oscillations in the EEG have a maximum over parietal/occipital scalp locations and were initially thought to reflect an idling state of the brain (Adrian and Matthews 1934) . Oscillatory activity in the alpha range has been characterized more recently as a manifestation of cortical inhibitory processes (Klimesch et al. 2007 ) reflecting periodic flux between exitable and suppressed cortical states (Mathewson et al. 2011) . Recent work demonstrates associations of alpha phase and amplitude dynamics with visual attention processes (Capotosto et al. 2009; Busch and VanRullen 2010) . While a thorough review of the precise cognitive, behavioral, and neurophysiological properties of alpha is beyond the scope of this article (see Mathewson et al. 2011 ), a few aspects of alpha neurophysiology and alpha/behavior relationships are key to illustrating their relevance to saccadic behavioral control.
First, alpha oscillations may arise from diverse corticocortical and cortico-thalamic circuits. Cortical neurons are capable of oscillating in alpha frequencies in isolation, but circuits involving the thalamic lateral geniculate nucleus, pulvinar, and reticular nucleus, in addition to primary visual cortex, have been demonstrated to play key roles in the generation and maintenance of alpha oscillations in multiple visual cortical regions (Bollimunta et al. 2011; Hughes and Crunelli 2005; Llinás et al. 2005; Lopes Da Silva et al. 1980; Steriade et al. 1990 ). Second, properties of alpha oscillations correlate with both basic and higher order perceptual mechanisms. Alpha power and instantaneous phase over visual (Mathewson et al. 2009 ) and frontal cortices predict (Busch and VanRullen 2010) and mediate (Dugué et al. 2011 ) perception of transient visual events, perhaps reflecting modulation of the excitability of cortical circuits (Romei et al. 2008a ). Furthermore, EEG alpha power and phase characteristics also index top-down and goal driven cortical processing as they vary with spatial (Busch and VanRullen 2010) and temporal expectancy (Rohenkohl and Nobre 2011) over visual cortices, an effect that may be controlled in part by parietal and FEF regions (Capotosto et al. 2009 ). Frontal and parietal modulation of visual sensory neurons in accord with internal goals is shared across attentional (Capotosto et al. 2009 ) and saccadic control operations (Hutton 2008) . Given the theoretical relationship between anatomy and oscillatory frequency, it can be hypothesized that the alpha dynamics of visuospatial attention allocation may covary with saccadic behavior. A growing body of research on saccadic behavioral control supports this proposition.
Two groups have shown that trials beginning in a specific phase of an actor's occipitally (Hamm et al. 2010) or frontally (Drewes and VanRullen 2011) distributed alpha oscillations have slower saccadic reaction times in a simple prosaccade paradigm. Recently, Hamm et al. (2012) demonstrated that errors of control in an antisaccade task are more likely when a trial begins in a particular phase of ongoing alpha oscillation; this effect was localized to both occipital and dorsolateral prefrontal cortical regions. Combined with findings regarding visual target detection performance (Mathewson et al. 2009 ), these studies support the possibility that variability in saccadic reaction time and saccadic control capabilities are at least partially related to fluctuations of excitability in cortical regions involved in early visual registration of trial onset. Watanabe et al. (2010) proposed that such studies (Hamm et al. 2010) do not differentiate between fixationoffset elicited EEG signals and target anticipation EEG signals because they used fixed duration ''gap'' paradigms in which the pre-trial fixation point disappeared prior to target onset. Phase effects, therefore, could at least partially reflect fluctuations in motor readiness rather than visual excitability. Indeed, alpha oscillations in frontal cortices have been demonstrated to relate directly to oculor motor response generation ). An alternative explanation of the findings reported by Hamm et al. (2012) is that the pre-stimulus fronto-occipital saccade-related alpha effects correspond to a visuospatial attentional control network (Capotosto et al. 2009) , and fluctuations in the efficacy of top-down monitoring of trial onset were identified in ongoing alpha oscillations. The degree to which prestimulus alpha phase effects reflect sensory and/or motor cortical functional fluctuations could be usefully investigated by varying gap duration in future studies (Watanabe et al. 2010) .
Alpha power also has been shown to vary with saccadic performance. Lateralized parietal alpha power decreases (alpha desynchronization) during a saccadic task reflects gaze-centric stimulus gating (Van Der Werf et al. 2008 Buchholz et al. 2011 ). Interestingly, frontally-distributed pre-trial alpha power magnitude is inversely related to saccadic control performance, whereas post-stimulus parietal alpha power is positively correlated to saccadic control (Mazaheri et al. 2011) .
Measures of power and phase of ongoing oscillations are mathematically independent, but current models (e.g. Mathewson et al. 2011 ) suggest that alpha phase and power effects interact such that phase exerts an effect only when power is large. Alpha reflects a tonic inhibitory mechanism that varies with phase, enabling continued, but diminished, perception of unattended visualspatial locations. Busch and VanRullen (2010) reported that alpha phase effects only exist, however, when visual spatial attention is allocated, a property that is associated with reduced alpha power. While these findings highlight topics for further investigation, it is apparent that alpha phase and power reflect cognitively and perceptually relevant variance in cortical networks subserving visual perception and saccadic control. There are fewer reports of between-subject differences in alpha power/dynamics, and how such relate to saccadic performance. High resting alpha power predicts low visual cortical excitability (Romeii et al. 2008b ) as well as successful visuospatial working memory performance (Klimesch et al. 2007 ). It could be hypothesized that high resting alpha correlates with successful saccadic control. This growing literature indicates that alpha oscillations may occur in distinct saccadic control network circuits and (1) index the state of fronto-occipital visual stimulus readiness (or receptiveness) as well as (2) serve a top-down control function for suppressing externally driven saccades in favor of internal goals. Future studies could usefully investigate the ability to modulate alpha power/dynamics to explain inter-individual variability in saccadic performance.
Abnormal alpha dynamics may underlie saccadic abnormalities in schizophrenia
Overall, variations in alpha phase and oscillatory power in occipital, parietal, and frontal cortical regions within and between subjects account for variations in saccadic behavioral control in healthy participants (HP). A consistent finding is that SZ commit more errors than HP during antisaccade tasks . Studies investigating visuo-motor control in SZ report heightened visual orienting and (related) impaired ability to suppress competing visuospatial information (Reilly et al. 2008) . Clementz et al. (2010) showed in HP that correct antisaccade task performance requires a similar suppression, yet this study employed steady-state stimuli modulated in the alpha band, which precluded the ability to study endogenous alpha activity. Because brain oscillations are proximal to basic genetic and neurobiological deviations (Gonzalez-Burgos and Lewis 2008), it is hypothesized that reports of neural oscillatory abnormalities represent a core deficit in SZ (Uhlhaas and Singer 2010) . Although oscillatory abnormality findings span a number of frequency bands, a recent review (Moran and Hong 2011) concludes that lower frequency abnormalities (2-13 Hz) are more consistently reported than are beta (15-35 Hz) or gamma ([35 Hz) disruptions, emphasizing the role of lower frequency oscillations in organizing amplitude variation of higher frequency oscillations during healthy cognitive processes (Palva and Palva 2007) . The intrinsic EEG of SZ show augmented theta/delta and reduced alpha power (e.g. Venables et al. 2009; Clementz et al. 1994; Karson et al. 1988) , which correlates to psychotic symptoms (Omori et al. 1995; Merrin and Floyd 1996) and perithalamic ventricular volume (Sponheim et al. 2000) , and may explain abnormalities in visual steady-state responses among SZ (Brenner et al. 2009 ). Stimulus elicited low frequency (delta-alpha) phase locking and single trial power is also consistently reduced in schizophrenia (Hamm et al. 2011; Clementz et al. 2004) , an effect that is highly heritable . Thalamo-cortical circuits supporting EEG oscillations in the delta to alpha range rely on the same mechanisms, with metabotropic glutamate receptor 1 (mGLUR1) and muscarinic acetylcholine receptor activation determining the dominant frequency (Hughes et al. 2004 (Hughes et al. , 2008 Hughes and Crunelli 2005) . Importantly, thalamic aberrations have been theorized as central to SZ neuropathology and psychotic symptomology (Ferrarelli and Tononi 2011; Llinas et al. 1999) . Given its known heritability and consistency across paradigms, alpha/theta/delta aberrations could be an EEG marker of thalamocortical disconnectivity among SZ (Klimesch et al. 2007) .
Researchers have yet to specifically examine a link between disruptions in alpha-band measures and saccadic control in schizophrenia. Given the relationship between oscillatory frequency and spatial extent of a cortical network, a shift of intrinsic thalamo-cortical network oscillatory frequency could be accompanied by altered connectivity between and impaired function within the distributed cortical saccade network. Future studies investigating this link and hypothetical mechanism might initially address associations between a subject's alpha power or alpha-relative-to-theta power and antisaccade performance, or between a subject's ability to phase lock saccadic network alpha activity to expected spatiotemporal events and antisaccade performance. Second, it might be useful to demonstrate that experimenter-controlled cortical alpha dynamics have direct influence on antisaccade performance in HP or SZ. For example rhythmic transcranial magnetic stimulation can entrain intrinsic cortical alpha rhythms (Thut et al. 2011) , affecting perception (Dugué et al. 2011) as well as concomitantly modifying frontal/ parietal alpha power and coherence and psychotic symptomology in SZ (Jin et al. 2006; 2011) . Transcranial alternating current stimulation also has the capability of impacting perception (Kanai et al. 2008 ) and entraining and enhancing endogenous posterior alpha oscillations (Zaehle et al. 2010) .
Of additional relevance to these propositions are findings that SZ display higher rates of express saccades than the healthy population (Clementz 1996; Reilly et al. 2008) . Distributionally distinct express saccades occur at variable rates during ''gap'' prosaccade paradigms, and are on the order of 60 ms faster than normal saccades (Clementz 1996; Hamm et al. 2010) . Hamm et al. (2010) showed that lack of an occipitally-distributed phase locking of alpha oscillations to a pretrial central fixation point predicted the occurrence of express saccades through a series of neural events that included early activation of occipital and parietal saccade-related regions. SZ may display higher rates of express saccades, therefore, because they do not synchronize endogenous alpha oscillations to external stimuli, further suggesting that alpha-generating neurophysiology is accountable for SZ saccadic deviations.
Antipsychotic medications currently used to treat SZ symptoms have little to no effect on alpha band power deviations in SZ (Takahashi et al. 2010) . Interestingly, drugs targeting the mGLUR system ameliorate psychotic symptoms in SZ (Javitt 2010) . Clinical trials for such compounds may usefully measure alpha activity as a biomarker of efficacy. Administering polyphenols to human participants may also improve memory-guided saccade production while decreasing alpha amplitude in temporalparietal regions (Cimrová et al. 2011) . Although the neuropharmacodynamics of such compounds are not well-characterized, this study demonstrated that pharmacological manipulations can act on saccade behavior and alpha oscillations in the absence of changes in other frequency bands or event related potentials. This finding also emphasizes the possible relevance of alpha oscillations for supporting saccade behavior.
Conclusion
Cortical oscillations in the alpha band impact the control of saccadic behavior, are dynamically modulated during saccadic tasks, and generally constitute a neurophysiological signature of activity in the distributed saccadic cortical network. Given the relevance of alpha dynamics for saccadic control, and the demonstrated abnormalities in alpha activity and saccadic control in persons with schizophrenia, it is hypothesized that alpha oscillations will prove a useful and sensitive biomarker for this disease and ocular motor endophenotypes. This hypothesis may be pertinent to pharmacological developments aimed at neurochemically modulating the alpha relevant metabotropic glutamate system and may hold key insights into psychosis etiology.
